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1. Introduction {#sec001}
===============

Around the world, health systems play a central role in helping human beings maintain and improve their health conditions. Nowadays, the emphases on health system reform and achievement have resulted in an increased awareness about the significance of strengthening health systems and the importance of assessing the health systems \[[@pone.0237892.ref001], [@pone.0237892.ref002]\]. By assessing the performance of health systems, policy-makers could have a better understanding of how the health systems work, and therefore suggest actions to improve quality of the services for the health of population. Performance assessment not only offers the transparency for securing accountability for health systems, but also identifies the weaknesses of the functioning of health systems for improvement. Some common objectives of an assessment include, but not limited to, identifying good and bad health practice, enhancing effectiveness and accessibility of care services, and improving the safety of patients.

Indicators developed by international organisations could similarly be categorised into different aspects of a health system for evaluation. WHO 100 Core Health Indicators could be grouped into four domains, including health status, risk factors, service coverage and health system \[[@pone.0237892.ref003]\], whereas 88 ECHI are grouped under the following headings: (i) demographic and socio-economic situation, (ii) health status, (iii) health determinants, (iv) health interventions: health services, and (v) health interventions: health promotion \[[@pone.0237892.ref004]\]. Three of the four tiers of the OECD Health Care Quality Framework are identical to those domains in the Australian framework, while the major difference between these two frameworks is the inclusion of a component of health system design, policy and context for evaluation in the OECD Framework \[[@pone.0237892.ref005]\].

There exist a large number of studies on health system assessment. Schieber et al. \[[@pone.0237892.ref006]\] and Anderson and Hussey \[[@pone.0237892.ref007]\] present data from Organization for Economic Co-operation and Development (OECD) and World Health Organization (WHO) on the performance of health systems in 29 industrialized countries, and also conduct the cross-national performance comparisons. A number of developed countries have initiated performance measurement for managing the output of healthcare services and monitoring the progress for achieving the goals of their health systems \[[@pone.0237892.ref008], [@pone.0237892.ref009]\]. Some international organisations, such as the WHO and OECD also take a lead in designing, advocating, and implementing health system performance measurement \[[@pone.0237892.ref010]--[@pone.0237892.ref012]\]. Schang et al. \[[@pone.0237892.ref013]\] employ ranking intervals and dominance relations to handle incomplete information about a set of weights, and therefore to develop robust composite measures of health quality. Roy et al. \[[@pone.0237892.ref014]\] develop a rough strength relational DEMATEL model for analyzing the key success factors of hospital service quality. Wang and Fu \[[@pone.0237892.ref015]\], Fu et al. \[[@pone.0237892.ref016]\], and Shen et al. \[[@pone.0237892.ref017]\] improve the Value Measure of health systems that is published by Royal Philips, by means of applying social choice theory and then proposing the Best-Worst method, Hurwicz criterion approach in conjunction with CRITIC method, and Stochastic Multicriteria Acceptability Analysis for group decision making (SMAA-2), respectively. Wong et al. \[[@pone.0237892.ref018]\] provide a comprehensive review about the national and international frameworks and indicators about health system performance assessment, and identified the effectiveness, accessibility, safety and patient-centeredness as the four components for evaluation. Kruk and Freedman \[[@pone.0237892.ref001]\] provide a comprehensive review of methods to assess health system performance in developing countries.

Dimensions of health care performance under the national and international frameworks are extracted from the framework covered most areas of health care quality suggested by the WHO \[[@pone.0237892.ref019]\] and Institute of Medicine \[[@pone.0237892.ref020]\]. Effectiveness, accessibility, safety, and responsiveness/patient-centeredness are four dimensions that are consistently monitored in health system performance \[[@pone.0237892.ref018]\]. Effectiveness refers to the degree of achieving the desired outcome, following the provision of health care services, while accessibility is the ease to reach a particular health service. Safety is a dimension that focusing the delivery of health care, which minimize risks and harm to the service users. Responsiveness/Patient-centeredness concerns whether the healthcare services take the preferences and aspirations of individual service users into account.

The present paper is motivated by the observation that in the process of performance assessment, not only the preferences associate with evaluation criteria may exhibit a substantial degree of variability, but also different members of the decision committee have different opinions, which are extremely difficult to achieve a group consensus \[[@pone.0237892.ref021], [@pone.0237892.ref022]\]. In this sense, this work proposes a consensus-based decision model to assess the health systems. Specifically, two issues should be addressed: (1) how to define the individual stakeholders of health systems? (2) how to achieve the consensus among different stakeholders? In this study, different stakeholders of health systems are identified by objective weight determination approaches, namely, the coefficient variation approach, the Shannon entropy approach and the distance-based approach. The main advantage of these objective approaches is the reduction of decision bias in terms of ignoring the subjective judgments of the individual stakeholders. Objective criteria weight determination approaches are usually applicable when individual stakeholders disagree on the exact values of criteria weights \[[@pone.0237892.ref023]\]. Specifically, the rationale behind objective criteria weight determination approaches is that the importance degree of a criterion is a function of the information conveyed by this criterion, relative to a whole set of alternatives. To reduce the discrepancies among different stakeholders, we further develop a consensus-based model based upon the rationale minimizing the total deviation from the ideal point. Using different approaches to represent decision makers is not new and widely found in the decision literature \[[@pone.0237892.ref023]\], which is reasonably applied in the field of health system assessment, due to the fact that different assessment agencies definitely have different evaluation rationales. The model is developed because of the need for a rigorous, comprehensive health system assessment tool that is capable of connecting multiple components of health system to national health system performance indicators and national policy.

The main contribution of this study is proposing a novel consensus-based decision model to assess the health systems, in terms of addressing the aforementioned two research issues. In comparison with the existing models for assessing the health systems, the proposed consensus-based decision model has three distinct characteristics. First, the individual stakeholders' assessments are made based on the same set of criteria to formulate a multiple criteria group decision making (MCGDM) framework. This makes the decision results more objective than conventional single-person decision. Second, the criteria weights are determined based solely on the dataset itself, which can effectively reduce the decision bias and to some extent improve the decision quality. Third, the consensus-reaching method is easy-to-understand and simple-to-implement.

The rest of this paper proceeds as follows. Section 2 develops the aforementioned consensus-based decision model. Section 3 provides a numerical illustration. Section 4 concludes this study and provides some future research directions.

2. The consensus-based decision model {#sec002}
=====================================

The framework developed to assess the performance of health systems in terms of multiple key components is depicted in [Table 1](#pone.0237892.t001){ref-type="table"} below, in which the normalized input element *x*~*ij*~,*i* = 1,2,...,*m*,*j* = 1,2,...,*n* denoting the performance of health system *i* in terms of component *j*. All input data *x*~*ij*~ have been normalized from the raw data *y*~*ij*~ into 0--1 scale using $x_{ij} = \frac{y_{ij}}{\sum\limits_{i = 1}^{m}y_{ij}}$. Meanwhile, all components are assumed to be benefit-type, while the cost-type components could be take the reciprocal or negativity transformation.

10.1371/journal.pone.0237892.t001

###### The assessment framework.

![](pone.0237892.t001){#pone.0237892.t001g}

  Health systems   Components                     
  ---------------- ------------ ----------- ----- -----------
  1                *x*~11~      *x*~12~     ...   *x*~1*n*~
  2                *x*~21~      *x*~22~     ...   *x*~2*n*~
  ...              ...          ...         ...   ...
  *m*              *x*~*m*1~    *x*~*m*2~   ...   *x*~*mn*~

In a general form, the overall performance of a typical health system can be obtained using a simple additive weighted value function, which is known as the underlying model for most Multiple Criteria/Attribute Decision Making methods, as below: $$S_{i} = {\sum\limits_{j = 1}^{n}{x_{ij}w_{j}}}.$$

The assessment of health systems are not limited to the requirements and concerns of heath service providers, whose primary concerns represent the assurance of their own economic well-being and ability to proactively operate as well as the development of sustainable strategies to realize their own interests. In addition, another stakeholders of health systems with competing objective of health service providers, i.e., financiers, should be incorporated when systematically evaluating health systems. Besides health service providers and financiers striving for the realization of their concerns, patients also have an important say in this potential conflict and wish to incorporate their interests \[[@pone.0237892.ref024]\].

The general framework for the proposed consensus-based decision model is presented as below:

![The general framework of consensus-based decision model.](pone.0237892.g001){#pone.0237892.g001}

According to [Fig 1](#pone.0237892.g001){ref-type="fig"}, the propose consensus-based decision model consists of two main phases: identification of individual stakeholders and implementation of standard criteria weight determination process for each individual stakeholder, and aggregation of individual opinions.

In what follows, we obtain the results from different stakeholders of healthcare systems, while individual stakeholder is identified by a typical decision making approach to generating weights associated with the key components, then aggregating the performance of health systems.

2.1 The Shannon entropy approach {#sec003}
--------------------------------

In information theory, Shannon entropy is the expected value of the information contained in each message \[[@pone.0237892.ref025]\]. In the field of decision making, Shannon entropy has been proved to be a useful and effective mathematical concept to determine weights \[[@pone.0237892.ref023], [@pone.0237892.ref026]\].

The Shannon entropy approach for component weight determination proceeds in the following three steps: Entropy calculation for *j*th component. The entropy value with respect to each component is represented as $$e_{j} = - k{\sum\limits_{i = 1}^{m}{x_{ij}\ln\left( x_{ij} \right)}},$$ where $k = \frac{1}{\ln\left( m \right)}$ is a constant.Dispersion computation for *j*th component. The measure of dispersion of the *j*th component is denoted by $$\varphi_{j} = 1 - e_{j}.$$Weight determination for *j*th component. On the basis of the dispersion measurement for *j*th component, the weights can be determined by $$w_{j}^{e} = \frac{\varphi_{j}}{\sum\limits_{j = 1}^{n}\varphi_{j}}.$$

2.2 The coefficient of variation approach {#sec004}
-----------------------------------------

In probability theory and statistics, the coefficient of variation, alternatively known as relative standard deviation, is a standardized measure of dispersion of a probability distribution or frequency distribution, which has been widely applied in the areas of engineering and physics. The application of coefficient of variation approach to determine the weights is pioneered by Zeleny \[[@pone.0237892.ref027]\] and further developed by Pomerol and Barba-Romero \[[@pone.0237892.ref028]\] in the field of Multiple Criteria Decision Making.

The working process of coefficient of variation approach is demonstrated as follows:

i.  i\. Mean calculation. The mean value of regarding to *j*th component can be computed by
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i.  ii\. Standard deviation calculation. Using the input data and the mean values in (4), the standard deviation is calculated by
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i.  iii\. Coefficient of variation calculation. In line with the definition of the coefficient of variation, that is defined as the ratio of the standard deviation (*σ*~*j*~) to the mean $\left( {\overline{x}}_{j} \right)$, the coefficient of variation associated with the *j*th component is computed for dispersion measurement:
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i.  iv\. Weight determination for *j*th component. Based upon the dispersion measurement obtained by (6), we compute the weight as
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2.3 Distance-based approach {#sec005}
---------------------------

The distance-based approach proposed in this study is an extension of TOPSIS method \[[@pone.0237892.ref029]\], which considers the geometric distances compared with optimistic and pessimistic values, respectively. The distance-based approach process is carried out as follows: Optimistic and pessimistic values determination with respect to *j*th component. The optimistic and pessimistic values for all components are defined asoptimistic values: $U^{+} = \left( {\max\limits_{i}\ \left\{ x_{i1} \right\},\max\limits_{i}\ \left\{ x_{i2} \right\},\ldots,\max\limits_{i}\ \left\{ x_{in} \right\}} \right)$,pessimistic values: $U^{-} = \left( {\min\limits_{i}\ \left\{ x_{i1} \right\},\min\limits_{i}\ \left\{ x_{i2} \right\},\ldots,\min\limits_{i}\ \left\{ x_{in} \right\}} \right)$.Distances computation. The geometric distance between the input data and the optimistic/pessimistic values for component *j* are computed as $$d_{j}^{+} = \sqrt{\sum\limits_{i = 1}^{m}\left( {x_{ij} - \max\limits_{i}\ \left\{ x_{ij} \right\}} \right)^{2}},$$ $$d_{j}^{-} = \sqrt{\sum\limits_{i = 1}^{m}\left( {x_{ij} - \min\limits_{i}\ \left\{ x_{ij} \right\}} \right)^{2}}.$$Dispersion measurement computation. On the strength of the above distances in (8) and (9), the dispersion measurements associated with all components are denoted by $$\psi_{j} = \frac{d_{j}^{+}}{d_{j}^{+} + d_{j}^{-}},$$ the larger value of *ψ*~*j*~, the more important the component *j* is.Weight determination for *j*th component. Analogously, the weights associated with different components can be determined according to the measurements of dispersion, that is $$w_{j}^{d} = \frac{\psi_{j}}{\sum\limits_{j = 1}^{n}\psi_{j}}.$$

2.4 A consensus-based model {#sec006}
---------------------------

Recall that the opinions from stakeholders of healthcare systems are represented by different weight elicitation schemes proposed in subsections 2.1--2.4, the purpose of this subsection is to develop a model for aggregating individual opinions into a group-level decision, in terms of minimizing the total deviation from the ideal point to reach a group consensus. The intuitively appealing principle behind minimizing the total deviation from the ideal point is that every health system definitely seeks to make the results determined by all decision makers as close to the ideal point as possible.

Motivated by Ma et al. \[[@pone.0237892.ref030]\], we formulate a weighted decision matrix Ω = \[*H*~*il*~\]~*mL*~, where $$H_{il} = z_{il}\lambda_{l},i = 1,2,\ldots,m,l = 1,2,\ldots,L,$$ and *z*~*il*~ shows the normalized result made by the decision maker *l*.

The ideal points are defined as $\Psi^{*} = \left\{ {\Psi_{1}^{*},\Psi_{2}^{*},\ldots,\Psi_{L}^{*}} \right\}$, in which $$\begin{array}{l}
{\Psi_{j}^{*} = \max\mspace{2mu}\left\{ {\Psi_{1l}^{},\Psi_{2l}^{},\ldots,\Psi_{ml}^{}} \right\}} \\
{\mspace{22mu} = \max\mspace{2mu}\left\{ {z_{1l}\lambda_{l},z_{2l}\lambda_{l},\ldots,z_{ml}\lambda_{l}} \right\}} \\
{\mspace{22mu} = \max\mspace{2mu}\left\{ {z_{1l},z_{2l},\ldots,z_{1l}} \right\}\lambda_{l}} \\
{\mspace{22mu} = z_{l}^{*}\lambda_{l},} \\
\end{array}$$ and $z_{l}^{*}$ is the ideal value by decision maker *l*.

Considering each health system, the performance distance between individual decision maker's opinion and the ideal value is defined as follows: $$\begin{array}{l}
{D_{i} = {\sum\limits_{l = 1}^{L}{(H_{il} - \Psi_{l}^{*})}^{2}}} \\
{= {\sum\limits_{l = 1}^{L}{{(z_{il} - z_{l}^{*})}^{2}\lambda_{l}^{2}}}.} \\
\end{array}$$

Therefore, a multi-objective programming is proposed to optimize the overall performance of all health systems: $$\left\{ \begin{matrix}
\left\{ \begin{matrix}
{f_{1} = \min{\sum\limits_{l = 1}^{L}{{(z_{1l} - z_{l}^{*})}^{2}\lambda_{l}^{2}}}} \\
{f_{2} = \min{\sum\limits_{l = 1}^{L}{{(z_{2l} - z_{l}^{*})}^{2}\lambda_{l}^{2}}}} \\
\ldots \\
{f_{m} = \min{\sum\limits_{l = 1}^{L}{{(z_{ml} - z_{l}^{*})}^{2}\lambda_{l}^{2}}}} \\
\end{matrix} \right. \\
{s.t.{\sum\limits_{l = 1}^{L}\lambda_{l}} = 1.} \\
\end{matrix} \right.$$

This multi-objective programming can be easily converted into a single-objective programming using the linear equal weighted summation method: $$\left\{ \begin{matrix}
{\min F = {\sum\limits_{i = 1}^{m}{\sum\limits_{l = 1}^{L}{{(z_{il} - z_{l}^{*})}^{2}\lambda_{l}^{2}}}}} \\
{s.t.{\sum\limits_{l = 1}^{L}\lambda_{l}} = 1.} \\
\end{matrix} \right.$$

For the purpose of solving the quadratic programming (16), we construct a Lagrange function using a Lagrange multiplier *η*: $$Lag = {\sum\limits_{i = 1}^{m}{\sum\limits_{l = 1}^{L}{{(z_{il} - z_{l}^{*})}^{2}\lambda_{l}^{2}}}} + \eta({\sum\limits_{l = 1}^{L}\lambda_{l}} - 1)$$

The Hessian matrix of (17) with respect to *λ*~*l*~ is a *L*×*L* diagonal matrix and its diagonal elements are $2{\sum\limits_{i = 1}^{m}{(z_{il} - z_{l}^{*})}^{2}} > 0$. Therefore, the Lagrange function has a minimum value, which is derived by differentiating (17) with respect to *λ*~*l*~ and *η* respectively: $$\left\{ \begin{matrix}
{2{\sum\limits_{i = 1}^{m}{\sum\limits_{l = 1}^{L}{{(z_{il} - z_{l}^{*})}^{2}\lambda_{l}}}} + \eta = 0,} \\
{{\sum\limits_{l = 1}^{L}\lambda_{l}} - 1 = 0.} \\
\end{matrix} \right.$$

The solutions to (18) is $$\left\{ \begin{matrix}
{\eta^{*} = \frac{1}{2{\sum\limits_{l = 1}^{L}\left\lbrack {\sum\limits_{i = 1}^{m}{(z_{il} - z_{l}^{*})}^{2}} \right\rbrack^{- 1}}},} \\
{\lambda_{l}^{*} = \frac{1}{\sum\limits_{l = 1}^{L}{\left\lbrack {\sum\limits_{i = 1}^{m}{(z_{il} - z_{l}^{*})}^{2}} \right\rbrack^{- 1}{\sum\limits_{i = 1}^{m}{(z_{il} - z_{l}^{*})}^{2}}}}.} \\
\end{matrix} \right.$$

Due to the fact that the constraint of (16) is a non-empty convex set, and the objective function of (16) is convex, the optimal solution (19) is the global optimal solution.

Consequently, the performance of health systems using our consensus-based model are computed as $$S_{i} = z_{il}\lambda_{l}^{*},i = 1,2,\ldots,m,l = 1,2,\ldots,L.$$

3. An illustration example {#sec007}
==========================

In order to demonstrate and facilitate the application of the proposed consensus-based model in the process of assessing the performance of health systems, we use the simulated data about four components: effectiveness, accessibility, safety and patient-centeredness. More specifically, effectiveness refers to the degree of achieving the desired outcome, following the provision of health care services, while accessibility is the ease to reach a particular health service. Safety is a dimension that focusing the delivery of health care, which minimise risks and harm to the service users. Patient-centeredness concerns whether the healthcare services takes into account the preferences and aspirations of individual service users. The following [Table 2](#pone.0237892.t002){ref-type="table"} reports the normalized data for assessment.

10.1371/journal.pone.0237892.t002

###### Data.

![](pone.0237892.t002){#pone.0237892.t002g}

  Health systems   Effectiveness   Accessibility   Safety   Patient-centeredness
  ---------------- --------------- --------------- -------- ----------------------
  1                0.0484          0.1330          0.0392   0.1147
  2                0.0645          0.0704          0.0576   0.1377
  3                0.0860          0.0282          0.1152   0.0841
  4                0.1721          0.0250          0.0392   0.0574
  5                0.1033          0.0313          0.1152   0.0421
  6                0.0620          0.0939          0.0576   0.0516
  7                0.0553          0.1408          0.0461   0.0535
  8                0.0860          0.0156          0.1843   0.0956
  9                0.0860          0.0391          0.0922   0.0956
  10               0.0553          0.1565          0.0461   0.0956
  11               0.0704          0.1565          0.0922   0.0574
  12               0.1106          0.1095          0.1152   0.1147

On the strength of the Shannon entropy approach, the coefficient variation approach and the distance-based approach, we obtain the following three sets of relative weights associated with multiple evaluation components determined by different decision makers in the following [Table 3](#pone.0237892.t003){ref-type="table"} and [Fig 2](#pone.0237892.g002){ref-type="fig"}:

![Criteria weights.](pone.0237892.g002){#pone.0237892.g002}

10.1371/journal.pone.0237892.t003

###### Criteria weights determined by three different approaches.

![](pone.0237892.t003){#pone.0237892.t003g}

  Criteria               Shannon entropy approach   Coefficient variation approach   Distance-based approach                     
  ---------------------- -------------------------- -------------------------------- ------------------------- -------- -------- --------
  Effectiveness          0.0275                     0.1462                           0.4096                    0.2084   0.6642   0.2805
  Accessibility          0.0869                     0.4623                           0.6587                    0.3352   0.5125   0.2164
  Safety                 0.0484                     0.2575                           0.5291                    0.2693   0.6418   0.2710
  Patient-centeredness   0.0252                     0.1340                           0.3675                    0.1870   0.5497   0.2321

It is observed that different decision makers have different preferences among the assessment component. Specifically, both decision makers using the Shannon entropy and coefficient variation approaches produce the same component preference: Accessibility≻Safety≻Effectiveness≻Patient-centeredness, while the decision maker using the distance-based approach generates: Effectiveness≻Safety≻Patient-centeredness≻Accessibility. Even under the same preference relation, the weights magnitude from different decision makers are completely different. In addition, the preference of Safety is sufficiently robust across different decision makers.

Using the above weighting schemes, different assessment results determined by different decision makers are summarized as [Table 4](#pone.0237892.t004){ref-type="table"} below.

10.1371/journal.pone.0237892.t004

###### Results summary.

![](pone.0237892.t004){#pone.0237892.t004g}

  Health systems   Decision Maker *cv*   Decision Maker *e*   Decision Maker *d*                 
  ---------------- --------------------- -------------------- -------------------- ---- -------- ----
  HS1              0.0867                5                    0.0940               4    0.0796   8
  HS2              0.0783                7                    0.0753               7    0.0809   6
  HS3              0.0741                8                    0.0665               10   0.0810   5
  HS4              0.0655                12                   0.0545               12   0.0776   9
  HS5              0.0709                10                   0.0649               11   0.0767   10
  HS6              0.0696                11                   0.0742               8    0.0653   12
  HS7              0.0811                6                    0.0922               5    0.0709   11
  HS8              0.0907                4                    0.0801               6    0.0996   2
  HS9              0.0737                9                    0.0672               9    0.0798   7
  HS10             0.0943                3                    0.1051               3    0.0841   4
  HS11             0.1027                2                    0.1141               1    0.0919   3
  HS12             0.1122                1                    0.1118               2    0.1126   1

It is clearly that different decision makers produce completely different ranking of health systems. Both decision makers *cv* and *d* evaluate health system 12 as the best choice, while the decision maker *e* regards health system 11 as the best. This reveals the observations that considering different weighting schemes have a significant impact on the evaluation of health systems, which necessitates developing a consensus-based decision making method to minimize the discrepancies among different decision makers.

We utilize the proposed consensus-based decision making procedure to achieve a group consensus, and derive the common weights associated with different decision makers as follows $$\left( {\lambda_{e},\lambda_{cv},\lambda_{d}} \right) = \left( {0.2800,0.3563,0.3637} \right).$$

It is noticed that the opinions from decision makers *d* and *e* receive the most and least attention, respectively, while the opinions of decision makers *cv* and *d* are almost the same important.

Consequently, the consensus-based decision is obtained using the proposed model, and then compared with the individual results reported in [Table 4](#pone.0237892.t004){ref-type="table"}. The comparisons are demonstrated in the following [Table 5](#pone.0237892.t005){ref-type="table"} and [Fig 3](#pone.0237892.g003){ref-type="fig"}.

![Ranking comparison.](pone.0237892.g003){#pone.0237892.g003}

10.1371/journal.pone.0237892.t005

###### Ranking comparison.

![](pone.0237892.t005){#pone.0237892.t005g}

  Health systems   *cv*   *e*   *d*   Our Result
  ---------------- ------ ----- ----- ------------
  HS1              5      4     8     5
  HS2              7      7     6     7
  HS3              8      10    5     8
  HS4              12     12    9     12
  HS5              10     11    10    10
  HS6              11     8     12    11
  HS7              6      5     11    6
  HS8              4      6     2     4
  HS9              9      9     7     9
  HS10             3      3     4     3
  HS11             2      1     3     2
  HS12             1      2     1     1

Compared with the opinions from the decision makers *e*, *cv* and *d*, our consensus-based decision making model generates some consistent ranking positions. Specifically, the consensus-based decision model produces the same ranking as the decision maker *cv*. In addition, the rankings of HS4, HS9 and HS10 are same between decision maker *e* and the consensus-based decision model, and the rankings of HS5 and HS12 are same between decision maker *d* and the consensus-based decision model. HS12 is ranked at the first position by decision maker *cv*, *d* and the consensus-based decision making model, and HS4 is ranked at the first position by decision maker *cv*, *e* and the consensus-based decision making model.

For the purpose of validating the proposed consensus-based decision model to assess health systems, the Spearman's rank correlation coefficient is computed and discussed. In statistics, Spearman's rank correlation coefficient is a nonparametric measure between the rankings of two variables, and assesses how well the relationship between two variables can be described using a monotonic function. In addition, the Spearman's rank correlation coefficient can reflect the Spearman's rank correlation coefficient. The more discordant the rankings of two variables, the smaller the Spearman's rank correlation coefficient. The formula of calculating the Spearman's rank correlation coefficient is $$\rho_{s} = 1 - \frac{6{\sum\limits_{i = 1}^{m}\left( d_{i} \right)^{2}}}{m^{3} - m},$$

In which *d*~*i*~ is the difference between the two ranks of each health system, and *m* is the number of health systems. The Spearman's rank correlation coefficients between *e*, *cv*, *d* and the consensus-based decision model are 1, 0.9231, 0.7762, respectively. This implies that the proposed model can effectively combines the results of different approaches, and thus generates a compromise and objective decision.

In summary, the proposed consensus-based decision model can effectively provide objective decision results based on the original data, without any subjective involvement of any decision makers. This implies that our model can be used as an alternative solution to the complex decision problems, especially for problem under the consideration of multiple stakeholders. Therefore, the management committee should be appropriately organized, in terms of collecting sufficient objective opinions and reaching the consensus in a reasonable manner.

4. Concluding remarks and future research directions {#sec008}
====================================================

In this study, we formulate a multi-person decision making framework for assessing health systems performance. After reviewing the previous studies about this topic, we choose eeffectiveness, accessibility, safety and patient-centeredness as four components. Different stakeholders in healthcare are identified by different decision making approaches, namely, the coefficient variation approach, the Shannon entropy approach and the distance-based approach. In order to alleviate the decision discrepancy, we develop a consensus-based model to reach a group consensus about the assessment.

The limitations of this study can serve as the basis for future research. First, three objective criteria weight determination approaches are employed to represent individual decision makers in this paper. The results and implications may be sensitive to the choice of criteria elicitation approaches. More approaches, such as CRITIC method, could be applied to investigate the results in future research. Second, the consensus-based model is proposed based on the ideal-point concept. The final results may be different when other consensus-achieving models are developed. Therefore, it is meaningful to compare the results from different consensus models and investigate the robustness. Third, only four components about health system performance assessment are considered in this work. Future research should have a deeper investigation in the practice and modify the assessment framework with more practical implications.

Supporting information {#sec009}
======================

###### 

(XLSX)
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Click here for additional data file.
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Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

Dragan Pamucar

Academic Editor

PLOS ONE

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and

<https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. Thank you very much for your submission to PLOS ONE. Before we proceed, we kindly ask that you address the following:

\*Please explain the rationale for the development of your method in light of recent research in this area, clearly indicating which problem with existing method you are addressing.

\*Please clearly report at the beginning of your methods or results section which the key performance measures were to establish validity and utility of your method. Please also report clearly which statistical analysis was used to establish robustness of performance measures.

\*Please note that PLOS ONE requires that experiments, statistics, and other analyses must be performed to a high technical standard and described in sufficient detail to allow for reproducibility of the study (<http://journals.plos.org/plosone/s/criteria-for-publication#loc-3>). To demonstrate the performance of the method, we would expect comparisons to be drawn between existing state-of-the-art methods.

Thank you for your attention to these queries.

3\. Thank you for including your funding statement; \"The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.\"

At this time, please address the following queries:

Please clarify the sources of funding (financial or material support) for your study. List the grants or organizations that supported your study, including funding received from your institution.State what role the funders took in the study. If the funders had no role in your study, please state: "The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript."If any authors received a salary from any of your funders, please state which authors and which funders.If you did not receive any funding for this study, please state: "The authors received no specific funding for this work."

Please include your amended statements within your cover letter; we will change the online submission form on your behalf.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Dear editor,

Thank you for sending me for review the paper "A Consensus-based Decision Model for Assessing the Health Systems". This paper intends to investigate Entropy method for determining criteria weights and TOPSIS evaluation method group decision making. The authors implemented hybrid MCDM framework for evaluation in healthcare field.

Presented methodology has a great potential in decision making process and I am giving a support to the authors for investigation this topic. The strengths of this paper are: Relevant topic; Flow of the paper; and Explanation of the methods. However, the author(s) need to consider the following points as limitation or further scope for refining the paper:

\- Introduction should be clearly stated research questions and targets first. Then answer several questions: Why is the topic important (or why do you study on it)? What are the research questions? What are your contributions? Why is to propose this particular methods? The last two questions are answered in some parts in the Introduction section. But, the answer is not presented in a proper way. You should provide more information in this regard.

\- Need to highlight the novelty of study in the introduction.

\- I suggest authors to clearly summarize what specific advantages brings your approach. Enrich your Introduction section with more explanation: Why do you present this approach? Why you use Entropy method for criteria weighting and not the other objective methods like CRITIC or FANMA method?

\- Why did you use objective methodology for determining criteria weights and not subjective methodologies like AHP, BWM, LBWA etc? I must stress that there are numerous limitations of Entropy method that authors should have on their minds. For example, if only one value in decision matrix is above/below the other values for 20-30% (within the same criteria) leads drastically to increasing criteria weight of that criteria. That limitation is presented in almost all objective methods. In my opinion this facts should not be neglected. So, why we need objective weights?

\- Remove lumped references. All references cited in the text should be explained and discussed in the text. Remove some old references published before 2017-2018. Also, literature review should be presented in a better way. You should discuss application of various MCDM tools different fields, especially in healthcare field. You should update your literature review with a papers published in last two-three years, and remove old references. I suggest authors to read and cite below interesting references: Roy, J., Adhikary, K., Kar, S., & Pamucar, D. (2018). A rough strength relational DEMATEL model for analysing the key success factors of hospital service quality. Decision Making: Applications in Management and Engineering, 1(1), 121-142.;

Badi, I., Abdulshahed, A., Shetwan, A., & Eltayeb, W. (2019). Evaluation of solid waste treatment methods in Libya by using the analytic hierarchy process. Decision Making: Applications in Management and Engineering, 2(2), 19-35.

Biswas, S., Bandyopadhyay, G., Guha, B., & Bhattacharjee, M. (2019). An ensemble approach for portfolio selection in a multi-criteria decision making framework. Decision Making: Applications in Management and Engineering, 2(2), 138-158.

\- Add flowchart of proposed methodology and follow that flowchart steps in case study.

\- Case study should be better organized. The calculations should be deeply presented and follow the methodology presented in methodology section. Add more deep calculations in case study section.

\- Add sensitivity analysis and validation of the results.

\- The problem on which this present method is applied has significant social and managerial implications. How the method can address those implications need to be included.

\- Conclusion- Add future scope. Also, how the proposed method can be applicable to other real life problems need to be mentioned. Add limitations of proposed model. Do not use bullets or numerations in this section.

I will review revised paper with my pleasure.

Reviewer \#2: The paper analyses an actual topic and it is interesting to potential readers. The paper is well prepared, it contains all required parts of a scientific paper.

I have only one critical comment. References are up to 2016. Therefore the authors should update the literature review.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Many thanks for your valuable comments on our manuscript. We accordingly make the revisions and mark them using RED in the paper.

Reviewer \#1: Dear editor, Thank you for sending me for review the paper "A Consensus-based Decision Model for Assessing the Health Systems". This paper intends to investigate Entropy method for determining criteria weights and TOPSIS evaluation method group decision making. The authors implemented hybrid MCDM framework for evaluation in healthcare field.

Presented methodology has a great potential in decision making process and I am giving a support to the authors for investigation this topic. The strengths of this paper are: Relevant topic; Flow of the paper; and Explanation of the methods. However, the author(s) need to consider the following points as limitation or further scope for refining the paper:

\- Introduction should be clearly stated research questions and targets first. Then answer several questions: Why is the topic important (or why do you study on it)? What are the research questions? What are your contributions? Why is to propose this particular methods? The last two questions are answered in some parts in the Introduction section. But, the answer is not presented in a proper way. You should provide more information in this regard.

Many thanks for your comments. (1) We discuss the importance of this study in paragraph 1. (2) The research questions are described in Page 5: (1) how to define the individual stakeholders of health systems? (2) how to achieve the consensus among different stakeholders? (3) the contributions and novelties are summarized in Pages 5&6. (4) The present paper is motivated by the observation that in the process of performance assessment, not only the preferences associate with evaluation criteria may exhibit a substantial degree of variability, but also different members of the decision committee have different opinions, which are extremely difficult to achieve a group consensus (Csaszar and Eggers, 2013; Melkonyan and Safra, 2016). In this sense, this work proposes a consensus-based decision model to assess the health systems.

\- Need to highlight the novelty of study in the introduction.

Many thanks for your comments. The contributions and novelties of this study are summarized in Section 1.

\- I suggest authors to clearly summarize what specific advantages brings your approach. Enrich your Introduction section with more explanation: Why do you present this approach? Why you use Entropy method for criteria weighting and not the other objective methods like CRITIC or FANMA method?

Many thanks for your comments. There exist many other objective weight elicitation approaches to assessing the health systems. We choose the three approaches for illustrating the working procedure of the proposed consensus-based decision model. The other objective methods would be investigated in future research.

\- Why did you use objective methodology for determining criteria weights and not subjective methodologies like AHP, BWM, LBWA etc? I must stress that there are numerous limitations of Entropy method that authors should have on their minds. For example, if only one value in decision matrix is above/below the other values for 20-30% (within the same criteria) leads drastically to increasing criteria weight of that criteria. That limitation is presented in almost all objective methods. In my opinion this facts should not be neglected. So, why we need objective weights?

Many thanks for your comments. The main advantage of these objective approaches is the reduction of decision bias in terms of ignoring the subjective judgments of the individual stakeholders. Objective criteria weight determination approaches are usually applicable when individual stakeholders disagree on the exact values of criteria weights (Yu & Lai, 2011). Speciﬁcally, the rationale behind objective criteria weight determination approaches is that the importance degree of a criterion is a function of the information conveyed by this criterion, relative to a whole set of alternatives.

\- Remove lumped references. All references cited in the text should be explained and discussed in the text. Remove some old references published before 2017-2018. Also, literature review should be presented in a better way. You should discuss application of various MCDM tools different fields, especially in healthcare field. You should update your literature review with papers published in last two-three years, and remove old references. I suggest authors to read and cite below interesting references: Roy, J., Adhikary, K., Kar, S., & Pamucar, D. (2018). A rough strength relational DEMATEL model for analysing the key success factors of hospital service quality. Decision Making: Applications in Management and Engineering, 1(1), 121-142.;

Badi, I., Abdulshahed, A., Shetwan, A., & Eltayeb, W. (2019). Evaluation of solid waste treatment methods in Libya by using the analytic hierarchy process. Decision Making: Applications in Management and Engineering, 2(2), 19-35.

Biswas, S., Bandyopadhyay, G., Guha, B., & Bhattacharjee, M. (2019). An ensemble approach for portfolio selection in a multi-criteria decision making framework. Decision Making: Applications in Management and Engineering, 2(2), 138-158.

Many thanks for your comments. The literature part has been updated according to your comments and some other new publications.

\- Add flowchart of proposed methodology and follow that flowchart steps in case study.

Many thanks for your comments. The flowchart is added to Section 2.

\- Case study should be better organized. The calculations should be deeply presented and follow the methodology presented in methodology section. Add more deep calculations in case study section.

Many thanks for your comments. We further elaborate the computation process of the proposed methodology in case study section (Section 3).

\- Add sensitivity analysis and validation of the results.

Many thanks for your comments. For the purpose of validating the proposed consensus-based decision model to assess health systems, the Spearman's rank correlation coefficient is computed and discussed. Please refer to Section 3.

\- The problem on which this present method is applied has significant social and managerial implications. How the method can address those implications need to be included.

Many thanks for your comments. The implications are added in the last paragraph of Section 3.

\- Conclusion- Add future scope. Also, how the proposed method can be applicable to other real life problems need to be mentioned. Add limitations of proposed model. Do not use bullets or numerations in this section.

Many thanks for your comments. Limitations and future scope are added to Section 4.

Reviewer \#2: The paper analyses an actual topic and it is interesting to potential readers. The paper is well prepared, it contains all required parts of a scientific paper.

I have only one critical comment. References are up to 2016. Therefore the authors should update the literature review.

Many thanks for your valuable comments. We have added several references after 2016 in Section 1.
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Dear Dr. Lai,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Dragan Pamucar

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: All the reviewers\' comments have been addressed carefully and sufficiently, the revisions are rational from my point of view, I think the current version of the paper can be accepted.

Reviewer \#2: Several new references are added, but there could be more of them. Nvertheless, the paper can be accepted.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No
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Dear Dr. Lai:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Dragan Pamucar

Academic Editor
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